) is a multifunctional protein that has been implicated in cancer invasion and metastasis by the induction of MMPs. To address its role in primary tumors of human non-small-cell lung cancer we assessed whether EMMPRIN expression is associated with the expression of MMP-2 and MMP-9 and with patient survival. Primary tumors of 150 patients (65 adenocarcinomas, 58 squamous cell carcinomas, and 27 of other subtypes) with completely resected lung cancers were stained by immunohistochemistry. We assessed intensity, extent, and cellular localization of EMMPRIN staining and determined MMP-2 and MMP-9 expression. 145 tumors expressed EMMPRIN (strong expression in 61 tumors), which was predominantly localized at the tumor cell membranes in 102 (68%) patients. We could not determine any correlation between EMMPRIN expression and MMP-2 or MMP-9 expression. The prognostic relevance of EMMPRIN was evaluated by Kaplan-Meier and multivariate Cox regression analysis in patients with adenocarcinoma (n ¼ 57) and squamous cell carcinoma of the lung (n ¼ 56). The median follow-up period was 36.0 months (range 4-156 months). Staining scores for EMMPRIN and MMP-2 and MMP-9 derived from staining intensities and percentages of positive cells did not predict outcome of patients. In contrast, univariate survival analysis demonstrated that membranous localization of EMMPRIN was associated with shortened survival in patients with adenocarcinoma (P ¼ 0.03; log-rank test), but not in squamous cell carcinoma. For the former patients, membranous EMMPRIN expression was also an independent predictor of patient survival (P ¼ 0.04; Cox regression analysis). The findings point to a role of EMMPRIN for the progression of adenocarcinoma of the lung that is unrelated to its function as inducer of MMPs. Modern Pathology (2008) 21, 1130-1138 doi:10.1038/modpathol.2008 published online 20 June 2008 Keywords: extracellular matrix; matrix metalloproteases; lung cancer; survival analysis; prognosis Lung cancer is still the most common cause of cancer-related death in Europe and in the United States 1,2 with non-small-cell lung cancer affecting approximately 80% of all lung cancer patients. 1, 3 In stage I, only 60-65% of non-small-cell lung cancer patients, whose tumors were completely resected, are still alive 5 years after surgery. 4, 5 This obvious aggressiveness is poorly understood and prompted us to search for potential molecular markers and mechanisms for early systemic spread of nonsmall-cell lung cancer.
Lung cancer is still the most common cause of cancer-related death in Europe and in the United States 1,2 with non-small-cell lung cancer affecting approximately 80% of all lung cancer patients. 1, 3 In stage I, only 60-65% of non-small-cell lung cancer patients, whose tumors were completely resected, are still alive 5 years after surgery. 4, 5 This obvious aggressiveness is poorly understood and prompted us to search for potential molecular markers and mechanisms for early systemic spread of nonsmall-cell lung cancer.
We previously found that disseminated cancer cells from non-small-cell lung cancer can be detected in bone marrow and lymph nodes and that the detection of such cells is specifically associated with poor survival in early stage patients. Moreover, we observed that one of the most frequently expressed molecules on early disseminated nonsmall-cell lung cancer cells in bone marrow is EMMPRIN/CD147 (extracellular matrix metalloproteinase (MMP) inducer), 6 being present on 80% of disseminated cancer cells. EMMPRIN is a transmembrane glycoprotein present on the cancer cell surface, which was found to induce expression of MMPs in fibroblasts or tumor cells. 7 It was originally designated tumor collagenase-stimulating factor 8 and has been renamed because of its ability to stimulate fibroblast synthesis of MMPs such as MMP-1, -2, -3, and -9. 7, 9, 10 The presence of EMMPRIN on the cancer cell plasma membrane not only stimulates the production of MMPs by fibroblasts but also binds MMPs on the tumor cell surface. 11 Because of its role in MMP regulation, EMMPRIN is thought to facilitate invasion and metastasis by the induction and regulation of basement membrane-degrading proteases, in particular MMP-2 and MMP-9. 10 However, EMMPRIN clearly is a multifunctional protein, which has also been implicated in cell adhesion, regulation of apoptosis, angiogenesis, and drug resistance. 12 To address the role of EMMPRIN in the clinical progression of nonsmall-cell lung cancer patients and to evaluate whether this role is associated with induction of MMP-2 and MMP-9, we investigated the expression of EMMPRIN, MMP-2, and MMP-9 in primary tumor samples of patients with operable non-small-cell lung cancer and analyzed the impact of EMMPRIN on metastasis and prognosis.
Materials and methods

Patients
After approval by the ethical committee of the University of Munich and after written informed consent, primary tumors of 150 consecutive patients with completely resected non-small-cell lung cancer were subjected to this study. The patient cohort consisted of 65 patients with adenocarcinoma, 58 patients with squamous cell carcinoma, 15 patients with large cell carcinoma, and 12 patients with mixed histologies. Adenocarcinomas were further differentiated into tumors with and without bronchioalveolar components (mixed BAC and non-BAC, respectively 13, 14 ) . As only five patients displayed the mixed-BAC phenotype, subgroup analysis was not performed. Surgery was performed in the Department of Thoracic Surgery, Asklepios Fachkliniken Mü nchen-Gauting. The tumors were classified according to the International Union Against Cancer TNM classification. 15 The preoperative staging of all patients had resulted in the diagnosis of resectable tumors (T1-T4) without evident distant metastasis (M1) or contralateral or supraclavicular lymph node involvement (N3). In general, a lobectomy or pneumonectomy with systematic mediastinal lymphadenectomy was performed. Only patients with confirmed postoperative R0 stage were further evaluated. The final study population consisted of 35 female and 115 male patients. The median age at the time of surgery was 60 years with a range of 37-80 years. Patients whose primary tumors were classified as pT3 or pT4 received adjuvant percutaneous radiotherapy of the tumor bed and patients with mediastinal lymph node involvement (pN2) received percutaneous radiotherapy of the entire mediastinum. Systemic adjuvant therapy was not performed. The median follow-up duration was 36.0 months (mean 53.8, range 4-175). Follow-up studies included physical examination, chest X-ray, and blood tests in a 3-month interval and an additional thoracic CT scan, abdominal ultrasound, and bronchoscopy in a 6-month interval. Family practitioners were contacted to obtain information about local relapse, distant metastasis, and death. Whenever possible, a relapse was confirmed at our institution and the patient was admitted for subsequent therapy.
Immunohistochemical Staining of Primary Tumors
The expression and localization of EMMPRIN, MMP-2, and MMP-9 in primary tumors was analyzed by immunohistochemistry using the labeled streptavidin-biotin (LSAB) method. Briefly, paraffin sections were dewaxed, rehydrated, and subsequently boiled for 20 min in 10 mM citric acid buffer at pH 6.0 for antigen retrieval of EMMPRIN or MMP-9. Antigen retrieval of MMP-2 was achieved by incubation with 0.08% trypsin (Sigma, St Louis, MO, USA) for 30 min at 251C. Endogenous peroxidase activity was blocked by treating the specimens with 30% hydrogen peroxide for 10 min. Nonspecific antibody binding was prevented by a commercial blocking agent (LSAB kit; Dako Corp., Hamburg, Germany) and the sections were incubated overnight at 41C with the primary antibodies. For EMMPRIN immunostaining we used the monoclonal affinity-purified mouse antibody HIM6 (BD Pharmingen, Heidelberg, Germany), which is directed against the CD147 epitope at a final concentration of 1 mg/ml after dilution with background reducing antibody diluent (Dako Corp.). Slides were then incubated with biotinylated anti-mouse/antirabbit secondary antibody mixture (LSAB kit; Dako Corp.) for 30 min at 251C. Peroxidase was introduced using a streptavidin conjugate (LSAB kit; Dako Corp.). Between each step of the procedure the specimens were thoroughly rinsed with 0.1 M TrisHCl buffer (pH 8.2). Peroxidase reactivity was visualized using aminoethylcarbazole (Sigma) dissolved in dimethylformamide and 0.1 M acetate buffer (pH 5.2) resulting in a red-brown staining. Finally, the sections were counterstained with hematoxylin and mounted in Kaiser's glycerol gelatin. MMP-2 and MMP-9 immunostaining was performed as described. 16, 17 
Evaluation of Immunohistochemical Staining
Two independent investigators, who were unaware of the clinical data, examined the tissue sections by light microscopy. Slides with discordant results were reevaluated and a consensus was reached (n ¼ 7). Slides from previous studies with immunohistochemical staining of MMP-2 16 and MMP-9 17 were available in 141 and 124 primary tumors, respectively. EMMPRIN staining intensity of tissue sections was compared with cytoblock paraffin preparations of the breast carcinoma cell line MCF-7, which served as positive control. MMP-2 and MMP-9 staining intensity within the tumor was compared with that of macrophages or bronchiolar epithelium in the sections because these cells are known to express MMP-2 and MMP-9 and therefore served as internal positive controls. Staining intensity was classified into 0 (no staining), 1 (intensity lower than positive control), 2 (intensity equal to positive control), or 3 (intensity higher than positive control). The percentage of stained tumor cells was assessed by counting 100 tumor cells within five visual fields per slide (magnification 200-fold). As 145 primary tumors were positive for EMMPRIN and 121 for MMP-9, we decided to determine expression levels for those two antigens by using the HSCORE method. 18 HSCORE values were calculated using the formula HSCORE ¼ ((I þ 1) Â PC), where I represents staining intensity and PC the percentage of stained tumor cells. Expression levels were categorized into low (HSCOREr200) and high (HSCORE4200), roughly dividing the analyzed samples in two similar-sized groups. Expression of MMP-2 was classified as either positive or negative. Cellular localization of EMMPRIN was additionally categorized into either membranous or cytoplasmic staining pattern. Although all positive tumors showed at least weak expression levels in both compartments of the cells, one staining pattern was always clearly predominant. Of note, we did not observe areas with predominant cytoplasmic and with predominant membranous patterns within the same tumor and therefore all tumors were categorized as expressing either membranous or cytoplasmic EMMPRIN. Staining specificity was assessed by analysis of negative staining controls of every tumor, in which the primary antibody had been replaced with an isotype-matched, normal rabbit or mouse nonimmune IgG.
Statistical Analyses
All statistical analyses were performed using SPSS software version 15.0 for PC (SPSS Inc., Chicago, IL, USA). The two-sided w 2 -test was used to analyze a possible association of EMMPRIN expression and localization with clinicopathological variables, and expression of MMP-2 and MMP-9, as well as for differences between the diagnostic subtypes of non-small-cell lung cancer. For analysis of follow-up data of patients with adenocarcinoma and squamous cell carcinoma, life table curves were calculated using the Kaplan-Meier method and survival distributions were compared by log-rank statistics. The primary end point was cancer-related death, as measured from the date of surgery to death. Data of patients who were still alive and without evidence of disease at the end of the study were censored. Multivariate analysis was performed using Cox proportional hazards analysis. The threshold for statistical significance was Po0.05.
Results
EMMPRIN Staining Score and Cellular Localization
EMMPRIN protein was expressed with varying intensity in the cytoplasm and on the cell membrane of tumor cells, but not in the surrounding stroma cells or in normal lung parenchyma. All control slides, for which we used an isotype rabbit IgG instead of the EMMPRIN antibody, showed no immunoreactivity. The MCF-7 formalin-fixed and paraffin-embedded carcinoma cell line, which served as positive control, was stained with similar intensity in all experiments. EMMPRIN staining was observed in 145 non-small-cell lung cancers and totally absent in five primary tumors. The resulting EMMPRIN HSCORE 18 values were at a median of 194.0 (range 0-400). High EMMPRIN staining scores (HSCORE4200) were found in 61 (41%) tumors and no or low expression in 89 (59%) tumors. Furthermore, EMMPRIN was localized either predominantly cytoplasmic or membranous, with membranous EMMPRIN being observed in 102 (68%) tumors while the remaining 48 (32%) tumors displayed predominantly a cytoplasmic staining pattern ( Figure 1 ). There was no association of EMMPRIN expression level or localization with any of the clinicopathological parameters (data not shown).
As non-small-cell lung cancer consists of heterogeneous histological types of lung cancer, we divided the patients into three groups according to the diagnostic subtype: 65 patients with adenocarcinoma of the lung, 58 patients with squamous cell carcinoma, and 27 patients with other types of nonsmall-cell lung cancer (15 large cell carcinoma and 12 mixed histologies). No significant differences between the patient cohorts of the different tumor subtypes were detected for the clinicopathological parameters. The sole exception was an expected higher percentage of female patients in the adenocarcinoma group (Po0.01; w 2 ). Of interest, there was a tendency to higher EMMPRIN expression in squamous cell carcinoma (P ¼ 0.06; w 2 ), of which 52% showed HSCORE values 4200 ( Table 1) . As the group of 27 patients with other subtypes of non-small-cell lung cancer than adenocarcinoma or squamous cell carcinoma consisted of heterogeneous diagnoses and rather few patients, we decided to exclude those patients from the further analyses.
Recent studies revealed that adenocarcinoma with a predominant component of bronchioalveolar carcinoma (mixed BAC) indicate a favorable prognosis for the patient compared to non-BAC adenocarcinomas. 13, 14 In our study 60 of 65 patients were diagnosed with non-BAC adenocarcinomas, whereas only 5 patients showed mixed BAC histology. Most likely, due to the low number of mixed-BAC cases, no impact of the two categories on survival was observed (data not shown).
Association between Expression of EMMPRIN, MMP-2, and MMP-9
Additional data on MMP-2 and MMP-9 expression were available for 141 and 124 primary tumors of our cohort, respectively. MMP-2 and MMP-9 immunoreactivity of varying intensity was only present in the cytoplasm of tumor cells, but not in the cell membrane or in the surrounding stroma. In particular, fibroblasts did not show MMP-2 or MMP-9 immunostaining. A total of 83 tumors (55%) showed expression of MMP-2 and 121 tumors (98%) expressed MMP-9. The median HSCORE value for MMP-9 expression was 193 (range 0-392) and 54 carcinomas were classified for high expression of MMP-9 (HSCORE 4200). We tested for a statistical association between strong MMP-2 or MMP-9 expression and EMMPRIN staining score or EMM-PRIN localization, as EMMPRIN is known to induce MMPs. Surprisingly, no association between EMM-PRIN HSCORE or cellular localization and the expression of MMP-2 and MMP-9 could be detected in adenocarcinoma (Table 2) or squamous cell carcinoma of the lung (Table 3 ). In addition, no significant association became apparent between MMP-2 or MMP-9 expression levels and diagnostic subtype, pT status, pN status, grading, age, or sex (data not shown). ). e EMMPRIN localization was categorized into cytoplasmic (ie dominantly cytoplasmic staining pattern) and membranous (ie dominantly membranous staining pattern). a Expression levels of EMMPRIN and MMP-9 were examined using the HSCORE method. 18 HSCORE values of r200 were considered as low and values of 4200 were considered as high concerning EMMPRIN or MMP-9 expression. b EMMPRIN localization was categorized into cytoplasmic (ie dominantly cytoplasmic staining pattern) and membranous (ie dominantly membranous staining pattern). c Data for MMP-2 expression were available in 61 and for MMP-9 expression in 52 adenocarcinomas. 
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Association with Recurrence, Metastasis, and Survival
Complete follow-up was available for 57 patients with adenocarcinoma and 56 patients with squamous cell carcinoma of the lung. Eight patients with adenocarcinoma and two patients with squamous cell carcinoma had to be excluded because of death unrelated to cancer or perioperative death within 3 months after surgery. Furthermore, the time point of local recurrence or distant metastasis could not be determined for one additional patient with adenocarcinoma of the lung. The median followup duration for all 113 eligible patients was 36.0 months (range 4-156 months). Within the observation period 68 patients (60%) relapsed either with local recurrence (n ¼ 12), distant metastasis (n ¼ 23), or both (n ¼ 33). Interestingly, membranous EMMPRIN staining pattern was associated with local recurrence and/or distant metastasis in patients with adenocarcinoma (P ¼ 0.03; log-rank test), although no association could be observed for patients with squamous cell carcinoma (P ¼ 0.60; log-rank test). On the other hand, EMMPRIN expression score was no predictor for cancer relapse in both types of lung cancer (Table 4) .
We analyzed the overall survival of the 113 eligible patients. Membranous EMMPRIN expression was strongly associated with poor survival for patients with adenocarcinoma of the lung (57 a Expression levels of EMMPRIN and MMP-9 were examined using the HSCORE method. 18 HSCORE values of r200 were considered as low and values of 4200 were considered as high concerning EMMPRIN or MMP-9 expression. b EMMPRIN localization was categorized into cytoplasmic (ie dominantly cytoplasmic staining pattern) and membranous (ie dominantly membranous staining pattern). c Data about MMP-2 expression were available in 55 and about MMP-9 expression in 48 squamous cell carcinomas. Expression level of EMMPRIN was examined using the HSCORE method. 18 HSCORE values of r200 were considered as low and values of 4200 were considered as high concerning EMMPRIN expression. b EMMPRIN localization was categorized into cytoplasmic (ie dominantly cytoplasmic staining pattern) and membranous (ie dominantly membranous staining pattern). c Cancer-unrelated or perioperative death resulted in the exclusion of 8 patients with adenocarcinoma and 2 patients with squamous cell carcinoma from follow-up analyses. In one additional patient with adenocarcinoma, the time point for the development of local recurrence and distant metastasis could not be determined, resulting in 112 eligible patients (56 with adenocarcinoma and 56 with squamous cell carcinoma). The occurrence of local recurrence or distant metastasis was compared using the log-rank test because of the time dependence of these variables. Figure 2a) , whereas the staining pattern had no influence on outcome for patients with squamous cell carcinoma (56 patients; P ¼ 0.70; log-rank-test; Figure 2b ). As with recurrence-free survival, EMMPRIN expression HSCORE did not confer any risk for patients with either type of lung cancer (data not shown). We also performed univariate analysis for all eligible patients for tumor size, lymph node metastasis, grading, histology, age, sex, MMP-2, and MMP-9 staining. Of those, only lymph node status was an additional risk factor for overall survival of patients with adenocarcinoma (Po0.01; log-rank test; Table 5 ).
EMMPRIN in lung cancer
To directly compare all factors for their impact on patient outcome we performed multivariate analysis (Cox regression analysis). As data for MMP-9 staining were missing for a large number of patients with adenocarcinoma and showed no association with poor survival in univariate analysis, we decided to exclude it from analysis. On the other hand, data on MMP-2 expression were available for 53 of the 57 eligible patients with adenocarcinoma of the lung and were thus included in Cox regression analysis. Adjuvant treatment did not represent a confounding variable because only patients with large tumors (pT3 and pT4) had received adjuvant radiotherapy, a fact that was already taken into account by including tumor extension into the multivariate analysis. Multivariate analysis of 53 patients revealed that EMMPRIN localization is an independent risk factor for patients with adenocarcinoma of the lung (P ¼ 0.04; Table 5 ) imposing a 2.1-fold risk for cancer-related death, with lymph node status being the only additional factor associated with decreased survival (P ¼ 0.01; Table 5 ). MMP-2 expression was not associated with poor Step-wise multivariate analysis was performed using the Cox proportional hazard model with 53 eligible patients only, because of missing data for MMP-2 expression. No estimate of relative risk and P-value is given, if the variable was not significant in multivariate analysis. c Expression levels of EMMPRIN and MMP-9 were examined using the HSCORE method. 18 HSCORE values of r200 were considered as low and values of 4200 were considered as high concerning MMP expression.
outcome, neither was tumor size, histology, or EMMPRIN score.
Discussion
Here we describe that EMMPRIN is an independent risk factor in lung adenocarcinoma but not in squamous cell carcinoma. Our results suggest a role of EMMPRIN in adenocarcinoma progression that is-contrary to our expectation-most likely unrelated to the induction of MMP-2 and MMP-9. Interestingly, survival of patients with adenocarcinoma was not dependent on high EMMPRIN expression scores but on membranous staining pattern. Moreover, upon multivariate analysis, membrane-bound EMMPRIN was the second strongest indicator of poor patient survival independent from lymph node status, tumor size, grading, sex, patient age, or MMP-2 expression.
A very recent study reported that EMMPRIN has no influence on survival of patients with adenocarcinoma or squamous cell carcinoma of the lung. 19 Although the authors noted that EMMPRIN is localized in different cellular compartments, they did not analyze a possible association between patient outcome and localization of EMMPRIN. Likewise, mRNA expression levels would not have identified patients with poor survival-similar to an EMMPRIN staining score-as they provide no information about the actual spatial distribution of the EMMPRIN protein in cancer cells. Therefore, the prognostic significance of membrane-bound EMM-PRIN would have escaped detection by microarray analyses that are currently widely used to identify prognostic markers. The prognostic impact of membranous EMMPRIN has also been observed in patients with laryngeal cancer, although for this type of cancer membranous EMMPRIN was not an independent factor for patient outcome. 22 For other types of cancer, such as hepatocellular carcinoma 23 and breast cancer, 24 EMMPRIN expression levels were of prognostic significance, but unfortunately EMMPRIN localization and its prognostic influence were not investigated.
Survival of the patients in this study was not dependent on MMP-2 or MMP-9 expression levels, in contrast to our own previous observations. 16, 17 Most likely this is due to the fact that only a subgroup of the original patient cohort could be tested for EMMPRIN expression here. Within the MMP-regulating paradigm of EMMPRIN function, it is possible that membrane-bound EMMPRIN could target MMPs to the tumor cell surface 11 and thereby facilitate the invasion-associated function of MMPs. 7, 9, 20 This hypothesis, however, does not explain why expression of MMP-2 and MMP-9 was not associated with decreased survival particularly because we were unable to differentiate between cytoplasmic and membranous MMP-2 staining patterns. Overall, we are currently unable to explain the specific mechanism underlying the association of membranous EMMPRIN and poor survival, but we deem it likely that other functions of membranous EMMPRIN are responsible for its importance in lung adenocarcinoma progression.
One possible explanation could be that a membranous location of EMMPRIN depends on monocarboxylate transporters (MCTs). MCTs have functions in the glycolytic switch occurring once cancers become hypoxic. It was shown that although knockdown of EMMPRIN by siRNA led to the accumulation of MCT4 in endolysosomal vesicles, knockdown of MCT4 caused the accumulation of EMMPRIN in the endoplasmic reticulum and decreased invasiveness in a breast cancer cell line. 21 Thus, deregulation of MCTs may be involved in the cytoplasmic retention of EMMPRIN. Other candidate mechanisms of EMMPRIN-induced tumor progression are the recently described role of EMMPRIN as modulator of cellular architecture by integrin interactions that could affect tumor cell migration, 25 or the induction of vascular endothelial growth factor (VEGF) by surface-bound EMMPRIN, one of the most potent angiogenetic factors. 26, 27 If the induction of VEGF by membranous EMMPRIN is indeed the underlying mechanism, VEGF-targeting therapies may eventually be beneficial for this subgroup of patients. Whatever the reason, among the risk factors tested in our cohort, membranous EMMPRIN was a strong independent predictor of poor outcome, which may help to identify patients with particularly aggressive disease.
